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Edited by Felix WielandN1 50-ctttgccaatcccgtctccc-30Abstract Overexpression of the yeaS gene encoding a protein
belonging to the RhtB transporter family conferred upon cells
resistance to glycyl-L-leucine, leucine analogues, several amino
acids and their analogues. yeaS overexpression promoted leucine
and, to a lesser extent, methionine and histidine accumulation by
the respective producing strains. Our results indicate that yeaS
encodes an exporter of leucine and some other structurally unre-
lated amino acids. The expression of yeaS (renamed leuE for
‘‘leucine export’’) was induced by leucine, L-a-amino-n-butyric
acid and, to a lesser extent, by several other amino acids. The
global regulator Lrp mediated this induction.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Escherichia coliN2 50-gccccatgcataacggaaag-30
N3 50-tcaggattgcagcgtcgccagtcgggcagcgaa
accgctcaagttagtataaaaaagct-30
N4 50-gtgttcgctgaatacggggttctgaattactggacc
tgaagcctgcttttttatactaag-3 0
N5 50-atggtagatagcaagaagcgccctggcaaagatct
cgctcaagttagtataaaaaagct-3 0
N6 50-ttagcgcgtcttaataaccagacgattactctgcttt
gaagcctgcttttttatactaag-30
N7 50-tcaggcatgctccagtgaaaaattcgggtagtgctct
gaagcctgcttttttatactaag-30
N8 50-ccccgtaactggtgaaacataaaacacgaatcatgc
gctcaagttagtataaaaaagct-30
N9 50-ctgagtcgacgtgttcgctgaatacggggttctgaa-30
N10 50-gtctctagaatcaggattgcagcgtcgccag-30
N11 50-attcagcccgggggccccaaccagataggtcca-30
N12 50-tgcaatcccgggcgaaaacattgccagtggtca-30
N13 50-ccaaccagataggtccagt-3 01. Introduction
Previously, we described the rhtA, rhtB and rhtC genes of
Escherichia coli which, when overexpressed, conferred upon
cells resistance to threonine and homoserine. These genes en-
code proteins involved in amino-acid eﬄux [1–3]. Genome se-
quence analysis of E. coli and other prokaryotes revealed that
the RhtB and RhtC proteins belong to a novel RhtB family of
membrane proteins. This family also includes E. coli proteins
encoded by the yﬁK, yahN and yeaS genes. We proposed that
all these proteins might be involved in amino-acid eﬄux [4]. In-
deed, YﬁK was recently characterized as an o-acetylserine and
cysteine exporter [5].
In this study, we present data indicating that the yeaS gene en-
codes an exporter of leucine, its analogues and some other amino
acids.Wealso show that leucine, its natural analogue L-a-amino-
n-butyric acid and a number of other amino acids induce yeaS
expression, and the global regulator Lrpmediates this induction.2. Materials and methods
2.1. Bacterial strains, plasmids, growth conditions and determination of a
minimal inhibitory concentration (MIC)
The following E. coli K-12 strains and their derivatives were used:
MG1655, TG1, histidine producer B-7270 (Russian National Collec-
tion of Industrial Microorganisms, VKPM [6]), leucine producer
B-7386 (VKPM, [7]), methionine producer B-8125 (VKPM, [8]).*Corresponding author. Fax: +7 095 315 0001.
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doi:10.1016/j.febslet.2005.07.031The plasmids pMC1871 (Pharmacia), pUC21 (Qiagene), pMW119
(Nippon gene) and pM1 [9] were used.
Cells were grown at 30 or 37 C in LB or M9 minimal medium [10],
supplemented with 0.4% glucose and 40 lM thiamine–HCl. When
appropriate, ampicillin (100 lg ml1), chloramphenicol (20 lg ml1),
streptomycin (100 lg ml1), or kanamycin (25 lg ml1) was added to
the medium.
MICs of amino acids, amino-acid analogues and glycyl-L-leucine
were determined on minimal agar plates containing ampicillin and
graded concentrations of an inhibitor. The plates were spotted with
104–105 cells from a log phase culture grown in a minimal medium.
The MIC was determined as the lowest concentration of an inhibitor
preventing growth after 48 h incubation at 37 C. The experiments
were repeated three to ﬁve times and revealed consistent MICs.2.2. Primers2.3. Standard genetic manipulations
DNA preparation and transformation of cells were done as de-
scribed previously [1]. P1vir phage-mediated transductions were car-
ried out as described in [10].2.4. Cloning of the yeaS gene and inactivation of the lrp, yeaS and yeaT
genes
The yeaS gene was ampliﬁed by PCR using the primers N1 and N2
and the chromosomal DNA of MG1655 as a template. The PCR frag-
ment was SspI digested and cloned into the SmaI site of pUC21 giving
plasmid pYEAS.
The inactivation of yeaS, lrp and yeaT by insertion of the cat gene
was performed using the known method [11]. The primers N3 and
N4 were used for yeaS inactivation. The primers N5 and N6 were
used for lrp inactivation. The primers N7 and N8 were used for yeaT
gene inactivation. Inactivation of the genes was veriﬁed by PCR
analyses.blished by Elsevier B.V. All rights reserved.
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E. coli chromosome
The yeaS coding region was ampliﬁed by PCR using the primers N9
and N10 and the chromosomal DNA of MG1655 as a template. The
resulting fragment was SalI and XbaI digested and cloned into the SalI
and XbaI sites of plasmid pMIV-PnlpD under the control of the E. coli
nlpD gene promotor. pMIV-PnlpD was obtained by the consecutive
cloning of the cat gene, promoter and RBS of nlpD between Mu-phage
attachment sites of pM1 [9]. Integration of the obtained cat-PnlpD-yeaS
cassette into the chromosome of MG1655 was performed as described
in [9]. The cassette then was moved by P1vir transduction into the ami-
no acid-producing strains giving strains B-7270-PnlpD-yeaS, B-7386-
PnlpD-yeaS and B-8125-PnlpD-yeaS.
2.6. Determination of amino-acid accumulation in media
A short-term fermentation was performed as described previously
[1].
The levels of amino-acid accumulation by producing strains were
determined after cultivation in test tubes. Histidine-producing strains
were cultivated as described in [6]; leucine-producing strains were cul-
tivated as described in [7]; methionine-producing strains were culti-
vated as described in [8].
Amino-acid concentration was determined using quantitative thin-
layer chromatography method [12]. Samples of a culture broth were
separated by TLC on Sorbﬁl plates (Sorbpolymer) with 2-propanol–
ethyl acetate–25% aqueous ammonia–water, 16 + 16 + 3 + 9 (v/v) as
a mobile phase. After visualization by treatment with 1% solution of
ninhydrin in acetone, amino-acid concentration was determined with
a High Speed TLC Scanner (Shimadzu CS-920). Control measure-
ments revealed a good correlation between the amino-acid content of
culture liquid samples as obtained both by scanning of the chromato-
grams and by HPLC.
2.7. Study of yeaS gene expression
Expression of yeaS was studied using the yeaS 0- 0lacZ translational
fusion contained in plasmid pMWLTyS. This plasmid was obtained
as follows. Initially, plasmid pMWLT was constructed based on low-
copy-number vector pMW119 by the consecutive cloning of a promot-
erless lacZ gene from pMC1871 and a transcription terminator of the
E. coli rrnB gene. Then a fragment containing 300 bp of yeaS regula-
tory and 50 bp of yeaS coding regions was obtained by PCR using
the primers N11 and N12 and the chromosomal DNA of MG1655
as a template. The PCR product was SmaI digested and cloned in
frame with lacZ into the SmaI site of pMWLT to give plasmid pMWL-
TyS. The accuracy of the fusion was conﬁrmed by sequencing. pMWL-
TyS was introduced into various strains and b-galactosidase activityTable 1
Eﬀect of the yeaS gene overexpression or inactivation on E. coli cell resistan
Substratea Minimal inhibitory concen
TG1(pUC21)
Glycyl-L-leucine 0.05
L-a-Amino-n-butyric acid1 1
4-Aza-DL-leucine1 0.1
L-Norleucine2 0.01
DL-Methionine sulfone2 1.5
L-Histidine 5
L-Histidine hydroxamate3 1.5
L-Lysine HCl 12.5
S(2-aminoethyl)-L-cysteine4 0.01
3,4-Dehydro-DL-proline5 0.01
L-Threonine 30
L-Homoserine 0.6
L-Leucinec >20d
L-Isoleucinec 25
L-Valinec 0.002
aAnalogue of: 1leucine; 2methionine; 3histidine; 4lysine; 5proline.
bnd, not determined.
cMIC was determined after 20 h incubation.
dHigher leucine concentration caused crystallization.was measured using the standard procedure [10]. To study the eﬀect
of amino acids on yeaS expression, cells harboring pMWLTyS were
grown in minimal medium with addition of an amino acid (5 mM).
2.8. Primer extension
TG1 strains harboring pUC21 or pYEAS were grown in LB and to-
tal RNAs were isolated by the hot phenol method [13]. The transcrip-
tion start site was determined by primer extension using AMV Reverse
Transcriptase (Sigma Genosys) with the [33P]-labeled primer N13 com-
plementary to the region from +26 to +44 relatively to the yeaS start
codon. In parallel, pYEAS was sequenced using the same primer. The
sequencing reaction and primer extension products were denatured at
65 C for 10 min and analyzed by PAGE.3. Results and discussion
3.1. Overexpression of the yeaS gene confers upon cells
resistance to amino acids, their analogues and glycyl-L-
leucine
TheE. coli yeaS gene encodes a protein belonging to the RhtB
family of transporters [4]. We cloned yeaS into pUC21 and the
obtained plasmid, pYEAS, was introduced into strain TG1.
Additionally, we disrupted yeaS in TG1 by an insertion of the
cat gene, and transformed pUC21 into the resulting strain and
into the parent strain. The obtained strainswere studied for their
resistance to amino acids and toxic amino-acid analogues. Nat-
ural amino acids are known to inhibit cell growth when added
into minimal media at high concentrations [1–3]. In most cases,
this inhibition was not observed in complex media [1].
The overexpression of yeaS conferred upon cells resistance
to a number of structurally diverse amino acids and amino-
acid analogues (Table 1). This eﬀect was similar to the
increased resistance to multiple drugs in the case of overexpres-
sion of genes encoding multidrug eﬄux pumps [14], and
presumably was also related to enhanced eﬄux of the inhibi-
tors. Besides, the overexpression of yeaS conferred cell resis-
tance to peptide glycyl-L-leucine (Table 1). The toxicity of
this peptide in E. coli was shown to be dependent on the intra-
cellular accumulation of leucine [15]. The yeaS overexpression
markedly increased cell resistance to glycyl-L-leucine. Thece to amino acids, their analogues and glycyl-L-leucine
tration (mg/ml)
TG1(pYEAS) TG1yeaS::cat(pUC21)
6 0.01
25 0.75
1.0 0.075
0.05 0.01
6 1.5
40 ndb
3 1.5
20 12.5
0.02 nd
0.02 0.01
50 30
3 0.6
>20d 15
30 20
0.005 0.001
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cine excretion due to YeaS oversynthesis. An increased suscep-
tibility to glycyl-L-leucine and leucine of the cells with
disrupted yeaS supports this notion and might indicate on
the main role of YeaS in leucine excretion.
3.2. Overexpression of the yeaS gene results in increase of
leucine, methionine and histidine accumulation by E. coli
amino acid-producing strains
On the base of the data presented in Table 1, the function of
YeaS with respect to excretion of leucine, methionine and his-
tidine was studied. For this purpose, yeaS expressed under
the powerful promoter of the nlpD gene was introduced into
E. coli strains producing these amino acids. These strains con-
tained mutations that confer upon cells resistance to the respec-
tive amino-acid analogues and release amino-acid biosynthesis
from negative feedback regulation. Speciﬁcally, the leucine pro-
ducing strain B-7386 was selected from a leucine-sensitive
strain and contained mutations that confer resistance to L-leu-
cine, L-valine, 4-aza-DL-leucine and 3-hydroxy-DL-leucine [7].
In a short-term fermentation with the leucine-producing
strain, yeaS overexpression increased the rate of leucine accu-
mulation in the medium, while yeaS inactivation decreased this
rate (Fig. 1A). Addition of the protonophore carbonyl cyanide
m-chlorophenylhydrazone (CCCP) led to a drastic reduction in
the rate of leucine accumulation (Fig. 1A). These results sug-
gest the involvement of YeaS in leucine excretion driven by
proton motive force.
Overexpression of yeaS increased the relative levels of leu-
cine, methionine and histidine accumulation by the respective
producing strain, presumably due to the enhanced amino-acid
excretion rate. The relative level of leucine accumulation was
increased most of all (Fig. 1B).
Fig. 1. (A) Eﬀect of yeaS overexpression or inactivation on the rate of
leucine accumulation in a short-term fermentation. Leucine accumu-
lation was calculated as mM of the amino-acid accumulated per mg of
dry cell mass. The arrow indicates the time of 20 lM CCCP addition.
(B) Eﬀect of yeaS overexpression on the level of leucine, methionine or
histidine accumulation by the cells of the respective E. coli amino acid
producing strains. Amino-acid accumulation in a culture broth after
test-tube fermentation was calculated as above and expressed in
percents. The average values of three independent experiments are
shown. The error bars indicate the S.D.3.3. Induction of the yeaS gene expression by amino acids
It was known that expression of some genes encoding ami-
no-acid exporters was induced by the corresponding substrates
[16]. We attempted to establish whether yeaS expression would
be induced by amino acids. To study expression of yeaS, the
low-copy number plasmid pMWLTyS containing the yeaS 0-
0lacZ translational fusion was introduced into TG1, and b-
galactosidase levels were measured in the resulting strain
grown under various conditions.
The data in Fig. 2 clearly show that yeaS expression in TG1
cells was increased by the addition into the minimal medium of
leucine, L-a-amino-n-butyric acid and, to a lesser extent, of
some other amino acids.
Remarkably, the eﬀects of yeaS overexpression on cell resis-
tance to amino acids, their analogues and glycyl-L-leucine (Ta-
ble 1), and on the level of amino-acid accumulation by the
corresponding producing strains (Fig. 1B) correlated with the
data on the induction of yeaS expression by the amino acids
(Fig. 2). Taken together, our results indicate that yeaS encodes
an exporter of leucine, its natural analogue L-a-amino-n-buty-
ric acid, and a number of other amino acids and amino acid
analogues.3.4. Expression of yeaS depends on the global regulator Lrp and
is not dependent on the YeaT protein
It is known that leucine modulates the global regulator Lrp
as activator or repressor of many genes [17]. To examinewhether Lrp regulates the yeaS expression, we introduced
pMWLTyS into strain TG1lrp::cat and measured b-galactosi-
dase levels in the mutant TG1lrp::cat(pMWLTyS) and parent
TG1(pMWLTyS) as above.
The level of yeaS expression in the mutant was about 8 times
higher than in the parent, when cells were grown in the mini-
mal medium (Fig. 3). This high-level expression only slightly
increased when strain TG1lrp::cat was grown in the presence
of added amino acids (Fig. 3). These results indicate that
Lrp represses yeaS, and that leucine and a number of other
amino acids act positively on yeaS expression, presumably
by blocking Lrp repression.
A small (1.3- to 1.6-fold) induction of yeaS expression in
strain TG1lrp::cat by leucine, alanine, histidine and L-a-ami-
no-n-butyric acid (Fig. 3) could be explained by the existence
of additional regulators of the gene.
The yeaT gene is situated immediately upstream of, and in
the same transcriptional orientation as yeaS (Fig. 4A). YeaT
encodes a LysR-type transcriptional regulator that might
Fig. 2. Eﬀect of amino acids on yeaS 0- 0lacZ expression. TG1(pMWLTyS) cells were grown in M9 medium with the indicated amino acids and b-
galactosidase-speciﬁc activity was measured. The average values of three independent experiments are shown. The error bars indicate the S.D. AAB,
L-a-amino-n-butyric acid.
Fig. 3. Eﬀect of lrp or yeaT inactivation on yeaS expression under various conditions. Cells were grown in M9 medium with the indicated amino
acids and b-galactosidase-speciﬁc activity was measured as described in Section 2. The average values of three independent experiments are shown.
The error bars indicate the S.D. AAB, L-a-amino-n-butyric acid.
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TG1yeaT::cat strain and found that yeaT inactivation practi-
cally did not change yeaS expression level under various con-
ditions (Fig. 3). Thus, YeaT is not a regulator of yeaS.
3.5. Determination of the transcription initiation site and
analysis of the yeaS upstream region
To characterize the yeaS upstream region, we determined
the transcription initiation site of the gene by primer extension
(Fig. 4). The initiation of yeaS transcription occurred at a Cresidue, 41 bp upstream of the yeaS translational start codon.
Several weaker signals were observed upstream of the strong
signal indicating a less eﬀective transcription initiation from
additional sites. At a canonical distance from the primary site,
sequences resembling the E. coli r70 promoter consensus 10
and 35 elements were found (Fig. 4A).
As shown above, the expression of yeaS depends on Lrp.
According to the DPInteract database (http://arep.med.har-
vard.edu/dpinteract/), there are several putative Lrp-binding
sites in the yeaS upstream region. Some of them overlap the
Fig. 4. (A) The yeaT–yeaS intergenic region. The coding regions of yeaS and yeaT are in italics. The 10 and 35 regions, RBS and yeaS start
codon are in bold. The Lrp-binding sites from the DPInteract database are in grey, that resembling the consensus found by Cui et al. [18] is
underlined. The arrow indicates the major transcription start site. (B) Mapping of the yeaS transcriptional start site by primer extension analysis.
cDNA transcripts of RNA preparations obtained from TG1 cells harboring pUC21 or pYEAS (lanes 1 and 2, respectively) are shown alongside with
[33P]-labeled sequencing ladders. The arrow shows the direction of transcription from the primary (C) nucleotide.
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binding site (Fig. 4A). Furthermore, the site overlapping the
10 region contains 11 of 15 nucleotides that are identical to
the consensus sequence for Lrp binding to DNA, described
by Cui et al. [18]. Lrp has been found to inhibit the expression
of a number of operons in E. coli [17]. In some of the systems
examined, Lrp repression was found to require binding of Lrp
to a site that overlaps the RNA polymerase binding site.
Therefore, Lrp might be a direct repressor of yeaS.
Lrp acts negatively on expression of genes encoding LIV-I/
LS system involved in uptake of leucine [17] and leucine is re-
quired for this repression. We suggest that a reduced expres-
sion of LIV-I/LS system and an increased expression of
YeaS, both mediated by Lrp, constitute a mechanism that reg-
ulates intracellular leucine concentration and protects the cell
against the toxic eﬀect of this amino acid and its analogues.
Due to functioning of this mechanism the wild-type E. coli
strains are very resistant to exogenous leucine (Table 1).
Based on the ﬁndings described above in support of a pri-
mary leucine export function for YeaS, we propose that the
gene be renamed leuE (for ‘‘leucine export’’).
In conclusion, we have provided strong evidence for export
of leucine and some other structurally unrelated amino acids
by the yeaS (leuE) gene product. We also have shown that
the global regulator Lrp is involved in repression of this gene.
Leucine, L-a-amino-n-butyric acid and, to a lesser extent, sev-
eral other amino acids induce its expression.References
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